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Smnroary 

This document presents the detailed results of an evaluation of 
"all-day efficiency" computations for selected flat plate and 
evacuated tube collectors (i.e., the Sunworks Model LB5011 and 
Sunmaster Model DEC 8A, respectively). The computations are based 
on a modified version of the NBSIR 78-1305A procedure for "All- 
Day Collector Efficiency". The computations were performed month 
by month for actual solar-meteorological conditions at 36 sites 
selected from the NOAA Monthly Suimnary-Solar Radiation Data. Section 
I provides an introduction and background for the study. Section II 
presents the details of the modified all-day efficiency calculation 
procedure (based on NBSIR 78-1305A). Section III discusses the 
ASHMET and NOAA data bases for solar insolation and provides a 
justification for utilizing the available NOAA data base. Section 
IV presents details of the algorithm used to convert total (global) 
horizontal radiation to the collector tilt plane of the selected 
sites. Appendix 1 presents a graphical representation of the monthly 
all-day efficiencies for a typical year for each of the selected sites 
and fer each of the two selected collectors. Appendix 2 presents tables 
of hourly insolation data for .::olar insolation in a horizontal and 45° 
tilt plane for Huntsville. Alabama. This data is in support of the 
algorithm described in Section IV. Appendix 3 presents tables of 
the total monthly .solar insolation available in the plane of the 
selected site collectors as calculated from the NOAA data base using 
the algorithm described in Section IV. Finally, Appendix 4 presents 
graphical comparison of the monthly all-day efficiencies for five 
selected sites using different insolation references. 
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I Introduction 


Solar thermal collectors have been routinely tested for 
thermal performance at the Marshall Space Flight Center 
Solar Test Facility and other test facilities using the 
widely accepted ASHRAB 93-77 Standard Test Method (Ref. 1). 
This standard is generally applicable to the following solar 
thermal collectors: flat plate, evacuated tube, and low 

concentration ratio (i.e., less than 5 to 1) collectors such 
as those using compound parabolic cusp (CPC) reflectors. 

The performance of a solar thermal collector tested in ac- 
cordance with ASHRAE 93-77 is exibited by data curve fits 
and/or graphical presentations of the solar collection 

efficiency (generally obtained at insolation levels of 200 
2 

BTU/hr*ft or greater at normal Incidence), the collector 
thermal response time constant, irradiation incident angle 
modifier, and pressure drop. The results of the ASHRAE 93-77 
collection efficiency tests are based on essentially in- 
stantaneous data points taken under steady test conditions 
near sol ar noon . Thus , an adequate comparison of one collec- 
tor with another is extremely difficult since a comparison 
of instantaneous points on an efficiency curve may be mis- 
leading when applied to real, long-term solar meteorological 
conditions at specific sites. 

The need for rating the thermal performance of solar collec- 
tors over usefully long time periods has been recognized and 
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I Introduction (Continued) 


a procedure has been developed for generating the "all day 
efficiency" of solar thermal collectors for typical yearly 
conditions at specific locations. The U.S. Department of 
Corranerce National Bureau of Standards (NBS) prepared an 
"All Day Collector Efficiency" methodology (NBSIR 78-1305A) 
utilizing the ASHRAE 93-77 test results as a basis. The 
all day collector efficiency methodology requires the follow 
ing information for computation: 

• Hourly insolation available in the plane of 
the collector 

• Hourly ambient temperatures in the vicinity of 
the collector 

• Collector fluid inlet temperatures 

• Collector site and orientation (latitude, 
tilt, and deviation from true South (i.e., 
azimuth) ) 

• ASHRAE 93-77 test results 

• Effective gross area of collector. 

Properly roi’..iulutecl, this information permits collectors of 
various design and performance levels to be evaluated for 
specific site application in a much more realistic manner. 
Thus, one-to-one ("apples and apples" ) comparisons may be 
made between collectors over typical yearly operating con- 
ditions. Although the computations may be made using desk- 
top calculators, a computer program has been developed to 
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II Calculation Of All Day PTformmc» 

Calculation Methodology 

The National Bureau of Standards (U.S. Department of Commerce) 
developed a simple, step-wise methodology to calculate the 
"all day performance" of solar collectors. The methodology 
utilizes the ASHRAE 93-77 (Ref. 1) solar collector thermal 
performance results for a given collector as the basis for 
the calculation procedure. The NBS methodology has been 
documented as NBSIR 76-1305A (Ref. 2) and is summarized in 
the lollowing steps: 

Step 1 - The following information must be assembled and 
inserted in Table 1 to obtain the all day per- 
formance of the solar collector for the time 
period of interest: 

e ASHRAE 93-77 Thermal Performance Results (First 
order poststagnation thermal efficiency curve 
(slope and intercept), and incident angle 
modifier) 

e Average hourly inlet fluid temperature to the 
collector (place in line 1. of Table !)• 

e Average hourly ambient temperature (see note 1 below) 

• Incident solar radiation in the plane of the 
collectors (see note 2 below) 
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II Calculation Of All Day Performance (Continued) 


Calculation Methodology (Continued) 

Note 1: Daily temperature profiles are not usually readily 

available. Thus, an approach had to be developed to 
utilize the available N.O.A.A. daily maximum and 
minimum temperatures for each month (NOAA, Reference 
3). Since the daily maximum temperatures generally 
occur in mid-afternoon and minimum temperatures 
usually occur in the hours just preceding sunrise, 
the following procedure was developed for creating 
a reasonable all day temperature profile. Using 
temperature data given in Reference 3 for the location 
nearest to where the solar lystem will be installed, 
insert the appropriate average daily maximum value 
for each month in the 2:00 pm position of Table 1. 

In the 6:00 am position insert the appropriate average 
daily minimum temperature for che month. Subtract 
the minimur emperature from the maximum temperature 
value and divide by eight. Beginning with the 6:00 
am minimum temperature add that calculated differential 
value for each hour to find the temperature profile 
values from 7:00 am to 2:00 pm. Use the calculated 
1:00 pm value for the 3:00 pm position, the calculated 
12:00 }xn temperature for the 4:00 pm position, the 
11:00 am value for 5:00 pm. and the 10:00 am value 
for the 6:00 pm position. 
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IX Cftlcttlatlon Ot All Dty PTtonMae# (CratlAuad) 


Calculation Methodology ( Oont inuad) 

Note 2: The incident solar radiation on the collector plane 

is site specific and is dependent upon th# hour ot 
the day, the tilt of the collector, and the typical 
weather conditions of the site. Recoonended solar 
radiation data is available in Reference 3 and 
Reference 4. Select the hourly data fron a month 
in Reference 4 which approximates the daily average 
given in Reference 3 for applicable site locations. 
This data must be resolved into the tilt plane of 
the collector appropriate for each site and referenced 
to solar time. Insert these average hourly values in 
line 3 of Table 1. Tota? the indivioual values in 
the far right hand column. 

Step 2 - Subtract Ta (and>ient temperature in determined 

in Step 7) from Ti (inlet tonperature in inserted 
in Step 1) and divide by I (the incident radiation 
on the collector plane found in Step 1) for each hour. 
Insert this result into line 4 of Table 1. 

Step 3 • Using the results of an ASHRAE Standard 93-77 col- 
lector test made after the 30 day no flow degradation 
test . collector efficiency for each hour can be ex- 
tracted from appropriate instantaneous efficiency 
curves using the operating point value determined in 
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II Calculation Of All Day PTforaance (Continuad) 


Calculation Methodology (Continued) 

step 2. Repeat for each hour by substituting in 
the appropriate quantity from line 4 of Table 1. In- 
sert the collector efficiency values calculated in 
this step into line 5 of Table 1. 

Step 4 - For situations where the collectors arc oriented 

within a few degrees of due South and are at a slope 
approximating the latitude of the site, the solar 
hour angle absolute value should be Inserted into 
line 6 of Table 1. The value for solar noon is 0® 
with 15^ added to each hour on either side of solar 
noon (e.g.. 15® for 11:00, 30° for 10:00, and 60° 
for 16.00). For st*ecial situations where the collectors 
are oriented well off due South or are at a slope 
significantly different from the latitude, the angle 
of incidence of beam radiation can be calculated using 
t'quation 2.5.2 of Reference 5. The resultant incidence 
angU'.s arc inserted into line 6 of Table 1. 

Step 5 - The incident angle modifier for each hour can be ex- 
tracted from appropriate incident angle modifier 
curve.s. Using the incident angle value in degrees 
di'tcrmined in step 4, determine the corresponding 
incident angle modifier value. The values of the 
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II Calculation of All Day Performance (Continued) 


Calculation Methodology (Continued) 

incident angle modifier are inserted into line 7 
of Table 1. 

Step 6 - Subtract one (1.0) from the value determined in Step 5. 
Multiply that value times the value of the collector 
efficiency found at the intercept point, (Ti-Ta)/I = O, 
of the ASHRAE 93-77 efficiency curve. Add the resulting 
value to the step 3 thermal efficiency. Insert these 
results into line 8 of Table 1. 

Step 7 - Multiply the nundier found in step 6 times the hourly 
solar insolation value from line 3 of Table 1. Per- 
form these calculations for each hour of the day. 

Total the resulting hourly values in the far right 
hand column. 

Step 8 - Determine the collector "all-day" efficiency by divid- 
ing the daily total in line 9 of Table 1 by the total 
in line 3 of Table 1. This value should be inserted 
in line 10 of Table 1 under the Daily Total heading. 

Note 3: Once the average collector efficiency is derived for 

each month for a range of inlet temperatures, this 
value, multiplied with insolation from Reference 1 
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II Calculation Of All Day Perlortnance (Continued) 


Calculation Methodology (Continued) 

resolved into the tilt plane on the collector pro- 
duces the monthly expected energy output per square 
foot from the collector array at each location. 

A mathematical representation of each line in Table 1 m^y he 

helpful in illustrating the procedure. The mathematical steps 

are as follows: 

Line 1 of Table 1 - Insert fluid inlet temperature values, Tj^ 

(°F). Use the same value of Ti for each 
separate case. 

Line 2 of Table 1 - Insert ambient air temperatures, T^ (°F), as 

determined from Note 1 of Step 1. 

Line 3 of Table 1 - Insert incident radiation, ^ ^hFTft^^* 

determined from Note 2 of Step 1. 

Line 4 of Table 1 - Compute (T^- T )/I. 

Line 5 of Table 1 - Compute efficiency = A + B {^(Ti- Ta)/I^ , 

where A and B are the first order, post 
stagnation thermal efficiency curve para- 
meters. Alternatively, the efficiency may 
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n Calculation Of All Day Performance (Continued) 


Calculation Methodology (Continued) 

be determined from a plot of versus (T^-Ta)/!. 

Line 6 of Table 1 - Insert Incidence angles,^, determined 

In Step 4. 

Line 7 of Table 1 - Insert Incident angle modifier (I^,,) 

determined in Step 5. 

Line 8 of Table 1 - Compute (l^^fl) A + [a + B (Ti-Ta)/l3 • 

Line 9 of Table 1 - Compute I x A + £a + B (Ti-Ta)/l]^ • 

Line 10 of Table 1 - Compute daily collector efficiency, 

Sum of Total Daily Energy Output (Line 9 

total) 

Sum of Total Daily Incident Radiation 
(Line 3 total). 

Appendix 1. is a graphic representation of the results of the 
"all day efficiency" calculations for thirty-one of thirty-six 
sites for both the Sunworks and Sunmaster collectors. The in- 
let temperature pammeter was varied from 70°F to 230°F for each 
monthly calculation. 
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Ill Impact of Solar Insolation Reference 


Uany analysis tools for sizing or simulating solar system 
performance utilize solar insolation data developed by 
ASHRAE. The ASHRAE data characterize clear day available 
insolation in the horizontal plane on the 21st day of each 
month for several latitudes within the contiguous United 
States. Many users of this data recognize that using the 
clear day values for predictions always over predicts the 
monthly output of the solar system, due to the occurrance of 
clouds on many days each month. 

The Solar Energy Research Institute (SERI) recognized the need 
for a cloudiness index for various locations within the United 
States to apply to the ASKRAE clear day data to make the pre- 
dicted monthly available equal to measured data. SERI ac- 
complished this noble task by developing a cloudiness factor 
reference for approximately 200 cities in the United States. 

The utilization of the ASHRAE clear day values ntultiplled by 
the cloudiness factor for predictions always under predicts 
the actual monthly output of the solar system. 

The dilemma of over predicting or under predicting prompted 
a study reported herein where predictions of solar system 
performance are based on actual hourly data recorded by the 
National Oceanic and Atmospheric Administration (NOAA). A 
review of the SERI work for specific sites produced the typical 
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Ill Impact of Solar Insolation Reference (Continued) 


total available insolation in the horizontal plane for 
each month based on a 25 year data base. The hourly and 
daily NOAA data were studied to find an actual month which 
had a total available in the horizontal plane which corre- 
sponded to the 25 year average for that month. Although NOAA 
has only accumulated three years of hourly data, it was fairly 
easy to compile a typical meteorological year for the NOAA 
sites . 

Before the total horizontal insolation can be used for pre- 
dictiiu; the available insolation in the solar system collector 
tilt plane, the percentage of direct and diffuse insolation 
must be known. To do this accurately is a stand alone study 
and is reported in detail in Section IV of this document. 

For practical purposes a typical direct fraction profile for 
the total solar insolation on a clear day was assumed. The 
direct fraction profile was used to determine the direct and 
diffused solar insolation available for each hour of the day 
and tlie classical Liu and Jordan method was used to convert 
the her i /<mla 1 insolation into tliat ava i 1 abl e in the collector 
tilt plane. Predictions were then calculated based on the 
ASIIRAL clear day values on the 21st day of each month with 
daily interpolations, and also utilizing the NOAA hourly data 
ba.se, with tlte clearest day of the month repeated for the number 
of days in the month. Tl;e results are shown in Tables HI-1 
and 111-2 Th«' ivsults incocated, as e.vpected, that if all days 
are clear, the predict voc; the 21st day of each month is 


1 1 1-2 


Ill Impact of Solar Insolation Relerence (Continued 


representative of the monthly average efficiency based on 
NOAA clear ^'ay performance. The predictions are for Bismarck, 
North Dakota and Caribou, Maine respectively in Tables III-I 
and II1-2. The number in the parenthesis indicates the dif- 
ference from the NOAA clear day efficiency (maximum perfor- 
mance for one day during the month). Data are presented for 
I three collector types and represent the highest possible all 

^ day efficiency for these collectors. The efficiency based on 

the average solar insolation (ASHRAE clear day times the cloud- 
iness factor for each month) will be significantly less than 
that for the clear day except in months which are nearly all 
clear days. Tables IIl-3and II 1-4 present the predicted effi- 
ciency for the ASHRAE average day and the corresponding NOAA 
hourly-daily insolation, producing a typical month. Again > 
the predictions are for Bismax*ck and Caribou respectively. 

The number in parenthesis indicates the difference from the 
NOAA typical month all day efficiency. 

It is clearly shown that the performance prediction for the 
four cases agrees very well for the evacuated tube type. 

But performance is under-predicted for the flat plate and the 
trickle types as a result of their higher heat losses. The 
minimum solar radiation required to offset the collector heat 
loss for a given differential temperature between inlet and 
ambient, can be established for every solar collector. The 
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Ill Impact of Solar Insolation Reference (Continued) 


three types of collectors under investigation have the 
intercept and slope listed below. 


7 - .733 - .901 P Flat plate 

7 “ .411 - .145 P Evacuated tube 

7 = .755 -2.226 P Trickle 

»he« P - j 

The minimum solar radiation required for each collector to have 
positive energy gain with the inlet temperature at 70°F and 
ambient temperature at 20^F can be expressed as: 


min 


Tin - Tamb 

—T 

max 


70 - 20 

-f— 

max 




therefore 


^min ".It “ 


min 


I 


2753 

min ”.34 


50 = 18 


147 


Btu/hr ft' 
Btu/hr ft' 


btu/hr ft' 


Flat plate 
Evacuated tube 

Trickle 


The difference between the trickle type collector and the 
evacuated tube collector is very distinct. The disagreement 
is greatest in the winter months with higher inlet temperatures, 
i.e. higher value of the parameter P. For the trickle type 
collector in Caribou, there was no energy gain with an inlet 
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Ill I mpact of Solar Insolation Reference (Continued) 


temperature greater than 90°F from November through March, 
based on the ASHRAE clear day times the cloudiness factor. 


Figure III-l shows a typical clear day solar' radiation in Feb- 
ruary. To determine the average solar radiation for the 
month, the clear day radiation was multiplied by a cloudiness 
factor obtained from ASHRAE. The cloudiness factors vary from 
month to month and from one location to another. For instance, 
assume a value of .67 for Caribou, Maine. The actual average 
solar radiation for a day is shown by the dashed line in Figure 


III-l. Assuming the ambient temperature of 20*F and inlet tempe- 
rature of 90°F, the minimum solar radiation, is 206 Btu/hr 

2 


ft 


Therefore, the collector system can not generate any useful 

energy. However, in the real conditions, there were some 

clear days in the month for which the solar radiation is 

2 

greater than 206 Btu/hr ft to produce useful energy. 

Appendix 4 presents a detailed graphical comparison of the 
"all-day" efficiency for the same collectors dicussed above 
at the same locations, (plus: Atlanta, Georgia; Nashville, 

Tennessee; and Washington, D.C.) for operating temperatures 
of 70*F and 90*F. The curves presented in Appendix 4 permit 
a comparison of the effect of Insolation reference on the 
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“all-dav" collector efficiency. It la observed that the 
clear day Insolation will over predict and the cloudy day 
Insolation will underpredict the performance during the 
ht’.iting season. 


In conclusion, the ASHRAE's clear day solar radiation can be 
used to predict the highest possible performance for a collector 
system during any month of the year. Unless the collector heat 
loss co-efficient is low, using clear day radiation times 
cloudiness factor to obtain an average solar radiation will 
under-predict the collector efficiency. Therefore, this 
method is not recommended for system evaluations. The only 
accurate manner of predicting solar system efficiency is 
utilizing actual hourly data which matches the average monthly 
available insolation for each specific site. 
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Bismarck, North Dakota. 





























































TABLE III-2 Comparison of ASHUET All Day (Clear) Efficiency with NOAA Clear Day Results in 
Caribou, Maine. 
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Ill-l ASHMET Clear Day and Average Day Solar Radiation in 
February on 60<> Tilt Surface at 48^ North Latitude and 
the Minimum Solar Radiation Required for Three Types 
of Collectors. 
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IV Prediction Of Total Insolation On A Tilted Surface 


The efficiency of a solar collection system is proportional 
to its incoming solar energy. Therefore, the prediction of 
the availability and quantity of radiation on the collector 
surface is extremely important to an engineer, designer, or 
researcher for their system design, evaluations or performance 
simulat ions. 

There are many weather stations in the United States; that 
measure solar radiation. However, at most of them, only total 
solar radiation on a horizontal surface is recorded. This 
is the case for NOAA (National Oceanic and Atmospheric 
Administration), which publishes a monthly summary of solar 
radiation data for several sites. To convert these hourly 
data from a horizontal surface to the collector tilt plane 
is a State-of-the-Art Science. Numerous authors have pre- 
sented their methods, among them, Liu & Jordan's method is 
the most widely used. To apply Liu & Jordan's technique, 
one must know the total and diffused solar radiation on the 
horizontal plane. Unfortunately, the diffused solar radia- 
tion on the horizontal plane is rarely available. In addition, 
determination of the diffused radiation using a shadow band 
reauires periodic adjustment of the altitude angle and addi- 
tional equipment ( pyranometer , recorder). 

One of the purposes of a recent project at the MSFC Solar Test 
Facility was to investigate a method to convert solar radiation 
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IV Prediction Of Total Insolation On A Tilted Surface (Continued) 


irom the horizontal to the tilt plane knowing only the total solar 
radiation. This algorithm will then be utilized in the 
evaluation of system designs. Solar radiation has been re- 
corded at two-minute intervals for 10-12 hours, depending 
on the season. On a fixed surface, horizontal total and tilt 
total (45 degrees) and on a tracking plane, direct, total and 
diffused radiation were measured. These hourly data were tab- 
ulated monthly. 

Figure 1 shows a typical clear day where TOT (total), NIP 
(direct normal), and DIF (diffuse) were measured in the track- 
ing plane and HOP. and 45T were the total radiation on the 
horizontal surface and 45 degree tilt surfaces, respectively. 

Liu & Jordan's equation to convert from the horizontal surface 
to .a tilt surface is given below: 


Oj = co„ - 


where = 






9 = 

oL = 


Global radiation on tilt surface. 

Global radiation on horizontal surface. 

Diffused radiation on horizontal surface. 

Solar incident angle. 

Solar altitude angle. 


( 1 ) 
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IV Prediction Of Total Insolation On A Tilted Surface (Continued) 


s <■ Surface tilt angle. 

^ > Ground reflectance. 

Frost equation 1, it is obvious that Dg must be known to 
determine G^, the radiation on the tilt surface. The diffused 
radiation on a horizontal surface, pg, is seldom measured. 
Without the diffused radiation data. Equation (1) can not be 
utilized to calculate the global radiation on a tilted surface, 
another measurement not normally taken. 


An algorithm has been developed which determines the diffused 
fraction for each hour, based on hourly total horizontal radia> 
tion only. A typical, hourly direct solar fraction, the ratio 
of direct to total solar radiation, for the clearest day of a 
month for the month of February through June in Huntsville, 

Alabama are presented in Figure 2. Although these hourly direct 
fractions varied from month to month, only one profile was useo to 
simplify this algorithm. This general profile is the average 
of these five month's values. Knowing the direct fraction for 
each hour of the day, the diffused fraction may be determined 
as follows: 


dif 


= 1- f 


dir 


( 2 ) 


This direct fraction profile will be varied from location to 
location, but its deviation shall not be large because this pro- 
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IV Prediction Of Total Insolation On A Tilted Surface (Continued) 


file is based on the clearest day of that location. There- 
fore, the profile lifjted below might be applicable to all loca- 
tions in the United States. 

Time 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 

Direct 
Fract- 
ion .80 .85 ,8? .88 .89 .89 .88 .87 .85 .80 

The hourly profile was applied to one day of the month which has 
the maximum total solar radiation on a horizontal surface for that 
hour. It can be demonstrated by examining Table IV-1, May 1981. 
Comparing the total solar radiation on horizontal surface for 
the same hour of each day of the month, indicated that the 21st 
day of May has the maximum values. Therefore, the standard 
direct fraction profile was assigned to this day. However, it 
is not necessary that the profile be applied to every hour of 
the same day. Therefore, any other day the solar radiation 
for the hour did not reach the maximum indicated that the sky 
is either hazy, intermittent or cloudy. Intuitively, under those 
conditions the direct solar fraction will decrease, and the 
diffused solar fraction increases. 

A detailed comparison of the hourly radiation values to the 
maximum value of the month indicated an analytical relationship. 
Figures 3 through 6 show that for the month of April, 1981, 
the diffused fraction versus the total radiation for every hour 
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bio IV-1 Total Radiation for May 19G1, nuntsvllle, Alabama (Tilt 


IV Prediction Of Total Insolation On A Tilted Surface (Continued) 


of the day can be best fitted by a square function. For ex- 
ample, at 11 am on May 31 the total solar radiation is 254 

o 2 

Btu/hr*ft . Comparing this to the maximum of 293 Btu/hr*^t , 

the diffused fraction for this hour is detezmined as 
*dif “ ^ 

The diffused radiation is determined by multiplying the total 
radiation with the diffused fraction: 

Du “ Gil * ^dif + 254 ♦ .34 = 86 Btu/hr-ft^. 

Substituting and into equation (1) with known ^ , s, and 

^ . the global radiation on a tilted surface can be predicted. 

Using the data obtained at MSFC, the February through July, 1981 

data were evaluated. The results are shown in Figure 7 through 

12 . In general, it agrees fairly well with measured data for 

all types of days (clear, partly cloudy and cloudy days). The 

2 

average deviation from measured values is within 15 Btu/hr*ft . 

Th(‘ method does under predict the solar radiation on tilted 
surfaces for higher radiation levels. 

Append i.\ 2. shows the measured day-time hourly total radiation 
at a 0*^ and 45*' tilt angle for Huntsville, Alabama from February 
1981 through June 1981. 

Appendi.x 3. shows the calculated average monthly insolation 

in the collector tilt plane for thirty-one of the thirty-six sites. 
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FIGURE IV- 3 Total Insolation on Horizontal Surface 



FIGURE iv-4 Total Insolation on Horizontal Surface 
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FIGURE iv -11 PREDICTED UALUE ON 45 DE6 SURFACE 
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ALL - DAY COLLECTOR EFFICIENCIES BASED 
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Cross Area 20.71 
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ALL DAY COLLECTOR EFFICIENCY UTILIZING VARIOUS INSOLATION DATA 


Solaris 

Gross Area 48. 62 
Aperture Area 46.00 ft 
(Not internal manifold) 
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